A laser-ignition micro solid rocket for application as propulsion on a 1-10 kg-class microspacecraft was proposed and designed. The laser-ignition micro solid rocket uses boron/potassium nitrate as propellant, and a number of solid propellant blocks are ignited by irradiating their surface with a 1 W diode laser through a laser-incident window. According to previous experiments, contamination of the laser-incident window can cause ignition failure to as high as 39% (7 thrusters out of 18) as a result of the gas generated at the initial phase of the laser irradiation. To reduce this contamination, the distance between propellant and laser-incident window is the parameter of interest in this study. The ignition probability was measured using a newly designed propellant stand with variable distance between propellant and laser-incident window, and an optimized window-to-propellant distance was applied to the thrusters. As a result, the ignition probability reached 100% (26 thrusters out of 26) while maintaining the specific impulse.
Research background
In the last decade, universities and research institutions have taken more interest in micro spacecraft, which can shorten the development period and reduce the launch costs.
It is necessary to develop microthrusters to meet the mission requirements for small spacecraft, for example the formation flight of many spacecraft. A propulsion system for such a small spacecraft should be lightweight, small size, and consume low power, so propulsion systems of large spacecraft are not suitable for small spacecraft. Therefore many research institutions and universities are investigating on microthrusters.
Two types of chemical micro thrusters were developed especially for 1-10 kg spacecraft. One is "laser ablation thruster" suitable for attitude control 2) . Laser beam from diode laser ablates polymer and generates minute impulse (approx. 10 µNs). Another one is "laser-ignition micro solid rocket" that can be used as main propulsive system [3] [4] [5] . Dual mode thruster, the combination of both types was also suggested 6) . Recently, focus was set on the laser-ignition micro solid rocket 7) . Fig 1. shows the 3D-CAD view of the laser-ignition micro solid rocket. Solid propellant blocks are ignited by a diode laser, and thrusters yield thrust by exhausting the combustion gas. One of the advantages of laser ignition is that it can avoid complex wiring. The propellant blocks are fed by rotation and axial translation of the thruster case.
Laser-ignition micro solid rocket
The diode laser is made by Hamamatsu Photonics, L10451-42. The laser output is 1 W and its wavelength is 808 nm. The laser beam from the diode laser is concentrated to an energy density of 5 MW/m 2 by a small condensing lens. As the propellant, boron/potassium nitrate (B/KNO 3 ) blocks are used, and this is because B/KNO 3 has much higher ignition probability in vacuum than composite propellant and double-base propellant.
In past studies, the authors have studied on various topics such as ignition characteristics of the propellant under high vacuum 3) , the effect of boron content on ignition probability and impulse 5) , the effect of geometry and materials of combustion chamber and nozzle on thrust performance 6) , and the development of a feeding system 7) .
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Objective of research
Previous research has shown that the B/KNO 3 propellant can be easily ignited under high vacuum. However, ignition probability of the B/KNO 3 propellant becomes low when it is in the thruster case. It was assumed that ablation from the propellant surface contaminates the laser-incident window, and the laser beam is interrupted. In this paper, the authors propose the following methods to improve ignition probability.
-Examining ignition probability and ignition delay to optimize the window-to-propellant distance D. -Designing thrusters with optimized D, and measure their thrust performance.
Experimental Setup

Thruster
In this research, the thruster consists of combustion chamber, a propellant block, a laser-incident window, and a non-ablative throat material. A thruster model is shown in Fig.  2 .
A propellant block has cylindrical shape and a mass of about 0.9 g. The mass ratio of the propellant block is B : KNO 3 : binder = 28 : 70 : 2. In past study, it was found that the ignition probability and thrust performance are best at this mass ratio. The thruster case is made of epoxy resin, because it is lightweight and has high thrust efficiency. Stainless steel is used for the nozzle throat. This non-ablative part is put in the thruster to prevent performance deterioration by throat erosion.
Propellant stand
The authors designed a propellant stand to determine the ignition probability (Fig. 3 ). This contains several kind of stands whose D is different. In particular, there are two kind of stands whose D = 0 mm. In one of these two the propellant is not attached to the laser-incident window because there is a microscopic gap between the propellant and the laser-incident window, and in the other one the propellant is completely attached by using epoxy resin to the laser-incident window as following Fig. 4. 
Zero-distance thruster (1st generation)
The authors designed the zero-distance thruster (1st generation). A cross-sectional drawing of the conventional thruster and the zero-distance thruster is shown in Fig. 5 . In the case of zero-distance thruster (1st generation), a propellant is attached by using epoxy resin to the laser-incident window.
Zero-distance thruster (2nd generation)
The authors also designed the zero-distance thruster (2nd generation). Fig. 6 shows the cross-sectional drawing of 1st and 2nd generation zero-distance thrusters. In the case of 2nd generation zero-distance thrusters, the propellant block is partially attached to the laser-incident window, so the conductance is higher compared to the case of 1st generation zero-distance thrusters.
Vacuum chamber
All the experiments in this research were carried out in a vacuum chamber of 0.9 m 3 at a background pressure of 100-200 Pa during operation. In general, burning velocity of a solid propellant decreases with decrease in the background pressure. Therefore, the background pressure affects the combustion characteristics. In the past study, it was derived that the burning velocity of B/KNO 3 is constant against a background pressure that is below 10 kPa 8) . It was further derived that the combustion pressure of micro solid rocket is much higher than 200 Pa. Therefore, the background pressure has negligible influence on the burning characteristics, and thruster performance respectively. 
Thrust stand
The authors measured the impulse by horizontal pendulum-type thrust stand 9) . The arm of the thrust stand is deflected by thrust generated by the thrusters and the impulse is obtained by measuring the oscillation amplitude. Calibration of the thrust stand is performed by striking a force transducer attached to the thrust stand with an impact pendulum. The oscillation period of the thrust stand is about 2.5 s. This period is much longer than the time during which thrust is generated by the thruster.
Results
3.1.
Relation of ignition probability, ignition delay and window-to-propellant distance Fig. 7 is a conceptual diagram of the experiment of ignition-probability measurement. We manufactured the propellant stand (Fig. 3) and examined ignition feasibility and ignition delay with varying D. In this study, distance between laser diode and propellant is fixed. Fig. 8 shows the measured ignition probability against to the window-to-propellant distance. We defined ignition probability as success rate of ignition for one-time irradiation. Fig. 9 shows the measured ignition delay against the window-to-propellant distance. The ignition delay is defined as Eq. (1). Each propellant was irradiated for three times even if it did not ignite. Propellant ignition was recorded using a digital camera with 30 fps, and t i was obtained by counting recorded images. We also define t i as infinity if propellant does not ignite.
(1) Fig. 8 shows the relationbetween D and ignition probability. In the case of the propellant not being attached to the laser-incident window, the ignition probability increases with longer D. By contrast, in the case of the propellant being attached to the laser-incident window, all the propellants ignited. According to Fig. 9 , there is a negative correlation between D and ignition delay in the case of a propellant not attached to the window, and ignition delay become the shortest in the case of a propellant attached to the window.
Measurement of impulse of zero-distance thrusters (1st generation)
Ignition probability is 100%, and ignition delay is smallest when D = 0 mm, and propellant is attached to the laser-incident window. Hence, this configuration was chosen for the experiments of impulse measurement, and these thrusters were named "zero-distance thrusters". A cross-sectional drawing of the conventional thruster and zero-distance thruster (1st generation) is shown in Fig. 5 , and the result of impulse measurement is shown in Fig. 10. Fig. 10 does not include specific impulse of the bursting thruster. There are no notable difference in conventional thrusters and 1st generation zero-distance thrusters in terms of specific impulse. However, ignition probability was improved significantly. In the case of conventional thrusters, 7 thrusters out of 18 misfired. The contaminated laser-incident window was observed among all of the misfired thrusters (Fig. 11) . However, in the case of 1st generation zero-distance thrusters, all the 11 thrusters ignited. 
Ignition experiment of 2nd generation zero-distance thrusters
Some 1st generation zero-distance thrusters burst due to their high combustion pressure. In the case of conventional thrusters, about 10% of ignited thrusters burst. However, in the case of zero-distance thrusters, 5 thrusters out of 11 burst. One of the burst zero-distance thrusters is shown in Fig. 12 .
To avoid thrusters from bursting, 2nd generation zero-distance thrusters were designed and ignition experiments were conducted. Fig. 6 shows the cross-sectional drawing of 1st and 2nd generation zero-distance thrusters. As a result, all of the 15 2nd generation zero-distance thrusters were successfully ignited, and all of them did not burst. 
Discussion
Relation of ignition probability and D
In the case of the propellant not being attached to the laser-incident window, the ignition probability increases with longer D. A possible explanation is that the ablation from the propellant surface spreads isotropically, thus, the laser-incident window is contaminated more easily when D is smaller. Laser beam power density transmitted through the window, I(t), is described by following expression. (2) It is assumed that the transmission rate, T(t), is reduced relatively to energy that has been transmitted so far. By using a proportional constant , T(t) is described:
Eq. (3) shows that T(t) is likely to decrease with time when k is large. There is a negative correlation between D and k, because experimental results shows that with bigger D, the ignition probability increases.
Eq. (2) and Eq. (3) are solved in terms of I(t). Energy transmitted to the propellant until a certain time, , is described as follows: (4) Eq. (4) shows that when , right-hand value becomes , so there is an upper limit to the energy transmitted to the propellant, and the limit is determined by .
It is assumed that there is a threshold energy required for ignition. In other words, a propellant ignites when left-hand value of Eq. (4) exceed the threshold. It can be said that left-hand value of Eq. (4) increases when decrease. From  Fig. 3 , it can be said qualitatively that it is necessary to increase D in order to reduce the value of . Therefore, left-hand value of Eq. (4) is large when the value of D is large. When left-hand value of Eq. (4) exceed the threshold, a propellant ignites.
Effect of propellant attached to window
In the case of D = 0 mm and the propellant being attached by using epoxy resin to the laser-incident window, ignition probability becomes 100% (Fig. 8) , and ignition delay is smallest among all cases (Fig. 9) .Two reasons for this result can be found.
First reason is that the propellant is attached to the laser-incident window, so the laser beam power is transmitted to the propellant even though the window is contaminated.
Second reason is due to combustion pressure. It is generally known that the burning rate of the solid propellant is increased when the background pressure rises (Vieille's law; Eq. (5)).
(5)
During the initial period of combustion, pressure increases locally because there are no bypasses of combustion gas.
Burst of 1st generation zero-distance thrusters
Five 1st generation zero-distance thrusters out of 11 burst during experiments. All the burst thrusters' cases were split at the laser-incident window. During the initial period of combustion, the laser-incident window is exposed to local high pressure because there are no bypasses of combustion gas (Fig. 13) . In the case of 2nd generation zero-distance thrusters, a propellant block is attached to a laser-incident window to avoid local high pressure (Fig. 6) . Fig. 13 . During the initial period of zero-distance thruster's combustion, laser-incident window is exposed to high pressure.
Conclusion
Ignition probability of the laser-ignition micro solid rocket was improved. Ignition probabilities and ignition delay were measured with variation of the window-to-propellant distance, D. A propellant stand was designed to measure the dependence of the ignition probability on the window-to-propellant distance. As a result, ignition probability is highest and ignition delay is smallest when D = 0 mm, and when the propellant is attached to the laser-incident window. This configuration was applied to the thrusters and designed zero-distance thrusters. Their impulse are comparable with conventional thrusters. Ignition probability of conventional thrusters was about 61% (11 thrusters out of 18) whereas ignition probability of zero-distance thrusters was 100% (26 thrusters out of 26).
